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Abstract 

Background: We examined the uptake and sorption of aluminium (Al) and fluoride (F) by green algae under 
conditions similar to those found in the effluents of the aluminium industry. We took into account the speciation of 
Al in the medium since Al can form stable complexes with F and these complexes may play a role in the uptake 
and sorption of Al. We compared the capacity of four species of green algae (i.e. Chlomydomonas reinhardtii, 
Pseudokirchneriello subcapitata, Chlorello vulgaris, and Scenedesmus obliquus) to accumulate and adsorb Al and F. The 
selected algae were exposed during 4 days, covering all growth phases of algae, to a synthetic medium containing 
Al and F at pH 7.0. During this period, dissolved Al as well as cellular growth were followed closely. At the end of 
the exposure period, the solutions were filtered in order to harvest the algal cells. The cells were then rinsed with 
enough ethylene diaminetetraacetic acid to remove loosely bound ions from the algal surface, determined from 
the filtrates. Finally, the filters were digested in order to quantify cellular uptake. 

Results: Little difference in Al removal was observed between species. Aluminium sorption (15%) and uptake (26%) 
were highest in P. subcapitata, followed by C reinhardtii (7% and 17% respectively), S. obliquus (13% and 5%), and 
C vulgaris (7% and 2%). However, none of these species showed significant uptake or sorption of F. We also 
studied the influence of pH on the uptake and sorption of Al and F by P. subcapitata. We measured a combined 
uptake and sorption of Al of 50% at pH 7.5, of 41% at pH 7.0, and of 4% at pH 5.5. Thus, accumulation was reduced 
with acidification of the medium as expected by the increased competition with protons and possibly by a 
reduced bioavailability of the Al-F complexes which dominated the solution at low pH. 

Conclusion: Out of the four tested species, P. subcapitata showed the highest sorption of aluminium and fluoride 
under our test conditions. These results provide key information on the development of an environmental 
biotechnology which can be applied to industrial effluents. 
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Background 

Canada is the third largest world producer of alumin- 
ium with over two million tons per year [1]. Aluminium 
production thus represents a significant source of Al and 
F inputs to aquatic environments. In order to reduce alu- 
minium concentrations in effluents, conventional methods 
such as ion exchange resins or chemical precipitation can 
be used, but these are costly and may be inefficient when 
metal concentrations are low [2]. Biological techniques 
can thus be considered as a complement to proactively 
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reduce the concentrations of several elements of environ- 
mental concern. 

Cellular membranes contain structures, such as proteins, 
which allow the entry of ions. Moreover, these structures as 
well as cell walls have functional groups that may bind ions 
[2-5]. Algae may bind metals through a sorption process 
which is rapid and reversible [6,7]. This process is coupled 
with uptake which is a slow, irreversible process where the 
metal is internalized by the cell [8-10]. 

Based on several previous studies that have shown that 
algae can efficiently remove metals from industrial effluents 
[2,11,12], we decided to investigate if this was applicable to 
Al and F. Precisely, we examined sorption and uptake of Al 
and F by four species of green algae. Since Al can form 
complexes with different ligands such as F, we took into 
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account the chemical speciation of the metal in solution 
and investigated the influence of Al-F complexes on the 
sorption and uptake of Al and F. The formation of such 
metallic complexes depends on the availability of the metal 
in solution, the pH, the ionic strength of the medium, and 
the concentration of complexing ligands [13]. Finally, we 
studied the influence of pH on the sorption and uptake of 
F and Al by one selected species of algae. 

This study provides essential data that will contribute to 
determine the feasibility of using green algae to improve 
the wastewater treatment for Al and F removal from the 
effluents of aluminium smelters. 

Results and discussion 

Algal growth 

Growth controls showed that C. vulgaris was the species 
with the greatest cell abundance after 96 h in the se- 
lected culture medium (2.4 ± 0.3 x 10^ cell ml'^). How- 
ever, it was also the only species for which cellular 
growth was inhibited when Al was present in the 
medium along with F, suggesting a toxic effect although 
this was only observed in one of the two replicates. Similar 
results have been observed with the genus Chlorella [14]: 
the growth of C. pyrenoidosa was also inhibited by the 
presence of Al (1.6 (iM) and F (5 (iM) at pH 5.5. There- 
fore, C. vulgaris may perhaps be more sensitive to Al and 
F and might not represent a good candidate for the treat- 
ment of aluminium smelter effluents. 

Fluoride accumulation 

Concentrations of adsorbed and cellular F were too low 
to be measured with the fluoride ion selective electrode. 
Also, the measured initial and final dissolved F (Table 1) 
did not indicate any noticeable decrease in fluoride. We 
anticipated that F' would not sorb notably to algal cells 
since the membrane is negatively charged at pH 7.0. 

Table 1 Initial (t = 0) and final (t = 96 h) concentrations of 
fluoride in solution for experiments with each species of 
green algae (pH = 7.0; detection limit of the selective 
electrode: 0.02 mg (1 \M); quantification limit of the 
selective electrode: 0.05 mg (2.6 |JiM)) 



Treatment F 


Initial [F] (mg L"") 


Final [F] (mg L"") 


C reinhardtii 


7.2 ± 0.2 


6.7 ± 0.2 


P. subcapitata 


6.95 ± 0.02 


7.1 ±0.3 


C vulgaris 


7.3 ± 0.2 


7.36 ± 0.03 


S. obliquus 


7.4 ±0.1 


7.7 ±0.1 


Treatment Al + F 


Initial [F] (mg L"") 


Final [F] (mg L"") 


C. reinhardtii 


7.1 ±0.3 


6.6 ± 0.2 


P. subcapitata 


7.2 ± 0.2 


7.2 ± 0.3 


C. vulgaris 


7.1 ±0.3 


7.3 ±0.1 


S. obliquus 


7.4 ± 0.3 


7.9 ± 0.4 



However, we also hypothesized that F could be sorbed as 
Al-F complexes. At pH 7.0, Al-F complexes were present 
but at very low concentrations (AIF4, AIF3 (aq), AIOHF2 
(aq) and AIF2). If these complexes were sorbed at all, the 
resulting [F] sorbed was too low and could not be detected 
by the electrode which had a quantification limit of 
2.6 (iM. 

Uptake of F was also negligible. It has been suggested 
that the transport of F through the membrane would re- 
sult primarily from the non-ionic diffusion of HF [15]. 
Moreover, even though the calculated concentration of 
HF was very low at pH 7.0 in both treatments (-0.05 (iM), 
this species constantly regenerates itself in solution in 
order to preserve the equilibrium between species and the 
concentration of HF cannot be considered as a limiting 
factor of uptake. Therefore, we cannot confirm that HF or 
any other species could diffuse through the membrane 
under our test conditions. Similarly, since there was no 
significant accumulation of F in either treatment, we could 
not determine whether Al had an effect on the accumula- 
tion of F at pH 7.0 under our test conditions. 

Aluminium accumulation 

We tracked the dissolved Al regularly during the exposure 
period and observed a rapid decrease within the first hour 
(Table 2). Mass balance calculations using the values of 
dissolved, sorbed, cellular, and particulate Al suggest that 
this decrease was mostly due to precipitation but also due 
to adsorption to the cell surface, (Table 3). Afterwards, Al 
likely was removed at a slower rate due to cellular uptake. 
The average recovery of Al was 85% with a range of 64 to 
106%. The presence of a particulate phase in our growth 
media was unexpected based on thermodynamic calcula- 
tions which showed that the solutions were undersatur- 
ated with respect to the microcrystalline gibbsite (Al 
(OH)3(s); Figure 1). Our control flasks without algae 
also showed significant decreases in dissolved Al over 
time (initial [Al]meas. = 235-265 [ig L'^; final [Al]meas. = 
41-212 [ig L'^), indicating that our solutions were in- 
deed oversaturated with an Al mineral phase. 

Table 2 Variation of dissolved aluminium in solution 
(|ig L'^) during the experiments (detection limit of the 
ICP-AES: 1 jig L'^ (37 nM); quantification limit of the 
ICP-AES: 5 Mg L"" (185 nM)) 

C reinhardtii P. subcapitata C vulgaris S. obliquus 



t = 0 h 


251 ±7 


240 d 


:31 


262 ±3 


240 ±2 


t=1 h 


63 ±17 


68 ± 


18 


151 ±10 


93 ±5 


t = 6 h 


61 ±16 


65 ± 


19 


144 ±9 


80 ±1 


t = 24 h 


59± 15 


60 ± 


17 


134± 12 


82±15 


t = 48 h 


60±13 


56 ± 


16 


126±9 


75 ±8 


t = 72 h 


59±11 


54 ± 


17 


124±9 


72 ±8 


t = 96 h 


56 ±6 


51 ± 


20 


124± 10 


82 ±32 
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Table 3 Mass balances (jag) for aluminium in the experiments containing both Al and F ([AIt] = 10.4 |iM; 281 lag L~\ 
[Fj] = 379 mM; 7.2 mg L \ pH = 7.0) 



Experiments 


Dissolved Al 


Dissolved Al 


Sorbed Al 


Cellular Al 


Particulate Al 


Recovery (% 




t = 0 h 


t = 96 h 






t = 96 h 




C reinhardtii-A 


256 ±6 


58 ±8 


19±2 


35±10 


109±16 


87 ±7 


C. reinhordtii-B 


247 ±6 


53 ±2 


16±4 


52 ±9 


53±10 


71 ±4 


P. subcopitoto-A 


257 ±6 


35 ±1 


24 ±5 


74±19 


31 ±8 


64 ±6 


P. subcapitata-B 


263 ±6 


77 ±2 


54±13 


63 ±21 


26±10 


83.4 ± 0.3 


C. vulgaris- A 


262 ±3 


124± 10 


22 ±2 


11 ±2 


71 ±4 


87 ±2 


C. vulgaris-B 


251 ±2 


251 ± 1 


1 1 .8 ± 0.3 


0.2 ± 0.2 


4±9 


106±3 


S. obliquus-A 


240 ±2 


62 ±4 


22 ±3 


9±1 


133±7 


94 ±2 


S. obliquus-B 


239 ±2 


101 ±37 


42 ±8 


14± 1 


74.4 ± 0.3 


86 ±2 



Even though Al did not contribute to the accumula- 
tion of F, we can conclude that F does contribute to the 
accumulation of Al, not as a result of the accumulation 
of Al-F complexes, but simply by buffering Al concen- 
trations and thus limiting its precipitation. In fact, with 
no F in solution, based on thermodynamic calculations, 
Al would have been expected to precipitate at the con- 
centration used. The presence of F did contribute to an 
increase in the solubility of Al, but our media were in 
fact very close to the saturation zone at pH 7.0 (Figure 1). 
Precipitation did vary from one experiment to another 
and may have limited the accumulation process by decreas- 
ing Al bioavailability, but we believe this is still representa- 
tive of typical industrial efQuents where oversaturation is 
frequent. 

Regarding the accumulation capacity of each species, 
C. vulgaris showed a significantly lower accumulation 
of Al (35 fg ceir\ Tukey, P = 0.03) while S. obliquus, P. 
subcapitata and C. reinhardtii showed similar accumula- 
tions (83 fg ceir\ Tukey, P = 1.00) (Table 4). However, 
since P, subcapitata had higher cell densities (1.9 ± 0.1 x 
10^ cell mL'^) after 96 h compared to the other species 
tested (7.5 ± 0.7 x 10^ cell mL'^ for C. reinhardtii) 9.6 ± 




4 5 6 7 8 9 10 

pH 



Figure 1 Aluminium solubility as a function of pH. 

Concentration of aluminium used for tlie exposures was of tlie 
order of 1 0"^ M ([Aij] = 1 0.4 \iW\, [Fj] = 379 \iW\, Table 6). 

v . J 



1.5 X 10^ cell mL'^ for C. vulgaris; 4.7 ± 0.9 x 10^ cell mL'^ 
for S, obliquus), the relative accumulation of Al by this 
species (41%) was significantly higher than accumulation 
by the other species (9%, 18%, 25%) (Tukey, P < 0.01). If 
we consider only the sorption process, even though S. 
obliquus showed the highest absolute sorption (60 fg cell'^, 
Tukey, P < 0.01) of the species tested, its relative sorption 
remains comparable to the sorption by P. subcapitata 
(respectively 13% and 15%, Tukey, P = 0.93). According 
to these results, P. subcapitata could be used alone or 
combined with S. obliquus for an eventual treatment of 
effluents, assuming such treatment occurs over a similar 
time frame. For treatments over a shorter period of time, 
S. obliquus might be a good candidate. 

Influence of pH on fluoride accumulation 

Accumulation of F remained negligible at all of the pH 
values tested. Sorption of F would have been more prob- 
able in conditions below the isoelectric point when the 
membrane becomes positively charged, but at pH 5.5, the 
membrane remains most likely negatively charged [9]. As 
mentioned previously, F uptake may perhaps result from 
non-ionic diffusion of HF through the membrane [15]. 

Table 4 Aluminium absolute (in fg ceir^) and relative (% 
of total Al present in solution) accumulation by the four 
species of green algae tested ([AIt] = 10.4 |aM; 281 |Jig L~\ 



[Ft] = 379 mM; 


7.2 mg 


l \ pH = 


7.0) 








Sorption 


Uptake 


Total accumulation 


C reinhardtii 


fg cell ' 


24 ±5 


59 ±16 


83 ±14 




% 


7±1 


17±5 


25±4 


P. subcapitata 


fg cell ' 


27 ±7 


56 ±32 


83 ±31 




% 


15±7 


26 ±7 


41 ±5 


C vulgaris 


fg cell ' 


23 ±5 


11 ±4* 


35 ±8* 




% 


7±2 


2±2 


9±4 


S. obliquus 


fg cell ' 


60 ±17* 


22 ±4 


83 ±20 




% 


13±5 


5±1 


18±6 



*P < 0.05. 
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However, the relative presence of this form remains negli- 
gible, even at pH 5.5. Within our treatment conditions, 
the proportion of HF species becomes substantial only 
below pH 5.0 (Figure 2). Fluoride accumulation by the 
green algal species tested is therefore not efficient enough 
to be considered as a tool for F removal from effluents. 
Based on previous studies, we can assume that F accumu- 
lation by algae is possible [15-17]. However, it remains un- 
clear which conditions are required to improve F 
accumulation by algae and if algal cells need to undergo a 
pre-treatment to be efficient at removing F. 

Influence of pH on aluminium accumulation 

As anticipated, accumulation of Al was influenced by pH 
(Table 5). Accumulation was significantly lower at pH 5.5 
(4%, Tukey, P < 0.01) while it was similar at pH 7.0 and 7.5 
(respectively 41% and 50%, Tukey, P > 0.05). However, sur- 
face sorption was significantly higher at pH 7.5 compared 
to pH 7.0 (respectively 28% and 15%, Tukey, P = 0.02). A 
lower pH leads to an increase in dissolved Al and in the 
proportion of free ions (Al^^). However, along with an in- 
creasing proportion of free metal ions, acidification leads 
to a decreasing number of available binding sites on the 
membrane following protonation [18]. Therefore, lower 
uptake at pH 5.5 could be explained by an increased com- 
petition between protons and free metal ions for the same 
binding sites, as expected based on the Biotic Ligand 
Model [10]. 

Differences in uptake could also be explained by the 
nature of complexes present in solution. Binary fluoro- 
complexes of aluminium dominate the solution at pH 5.5 
while hydroxo-complexes dominate at pH 7.0 and pH 7.5 
(Figure 3). Based on the residual charge of metallic species 
present in solution, we can hypothesize that the complex 
AIF2 would have more affinity for the negatively charged 
membrane, at any tested pH, than the other neutral or 
negatively charged complexes (Figure 3). Since this species 
was more abundant at pH 5.5 than at pH 7.0, the total Al 
accumulation should also have been more important at 
pH 5.5. Along with the increased abundance of free ions 
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Figure 2 Calculated fluoride speciation as a function of pH in the 
presence of aluminium ([Al] = 10.4 pIVl, [F] = 379 \xl^, Table 6). 



Table 5 Effect of pH on aluminium absolute (In fg cell'^) 
and relative (% of total Al present in solution) 
accumulation by P. subcapitata {[Mj] = 10.4 ^M; 281 |Jig L\ 
[Fj] = 379 mM; 7.2 mg L \ pH = 7.0) 







Sorption 


Uptake 


Total accumulation 


pH 5.5 


fg cell ' 


14 ±2* 


1 ±1* 


15 ±2* 




% 


3.9 ± 0.5 


0.3 ± 0.4 


4.2 ± 0.8 


pH 7.0 


fg cell ' 


27 ±6^ 


56±17 


83 ±13 




% 


15±7 


26 ±7 


41+5 


pH 7.5 


fg cell ' 


43 ±5^ 


34 ±5 


77 ±1 




% 


28 ±1 


22 ±5 


50±4 



*P < 0.05. 

(Al^^) at pH 5.5, we can conclude that, given our test con- 
ditions, the competition by protons is a more important 
factor for Al accumulation than the nature of species in 
solution. 

Overall, whether Al enters the cell solely as free ions or 
also as Al-F or Al-OH complexes remains unclear. In fact, 
no studies yet have been able to clearly identify uptake 
mechanisms for Al [9]. As these experiments were con- 
ducted over long exposure periods (4 days), we must also 
consider that equilibrium may have been disturbed over 
time with the probable exudation of biogenic ligands that 
may have played a role in the speciation of Al. 

Experimental 

For this study, four species of green algae were selected: 
Chlamydomonas reinhardtii (Canadian Phycological Cul- 
ture Center, CPCC 11), Pseudokirchneriella subcapitata 
(CPCC 37), Chlorella vulgaris (CPCC 90), and Scenedes- 
mus obliquus (CPCC 5). These species were selected for 
their ease of growth and the availability of data on metal 
uptake/adsorption in the literature. Batch cultures were 
maintained in acid-washed 250 mL polycarbonate Er- 
lenmeyer flasks containing 100 mL of sterile Modified 
High Salt Medium (MHSM-1; ionic composition is 
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Figure 3 Calculated aluminium speciation as a function of pH in 
the presence of fluoride ([Alj] = 10.4 (jM, [Fj] = 379 \x\^, Table 6). 
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presented in Table 6 [19]). This same medium was used 
to grow the algae and to expose them to aluminium 
and fluoride. However, since the addition of fluoride in 
solution modifies the ionic strength of the medium, the 
molar concentration of KNO3 was adjusted conse- 
quently when fluoride was added in order to maintain a 
constant ionic strength throughout our experiments. 
Cultures were maintained at pH 7.0, at a temperature 
of 20.0°C ± 0.1 °C, with rotary agitation (60 rpm) and 
under constant illumination (Cool White Fluorescent 
Tubes, 100 ± 10 (iE-m"^-s"^). Every week, 2 mL of the 
cultures were transferred to a fresh medium in order to 
maintain healthy cell cultures. 

Cells were harvested in their exponential growth phase 
by centrifugation, rinsed and re-suspended in fresh growth 
medium to a concentration of 20,000 cell mL'^. Experi- 
ments with all four species were conducted in the same 
growth medium at pH 7.0. Algae were exposed simultan- 
eously to F and Al and, in order to study the role of Al-F 
complexes of Al on the accumulation of F, they were 
also exposed to F only. Both treatments were repeated 
in triplicates. We used constant total concentrations of F 
(379 (iM; 7.2 mg L ^ using a stock solution of 37.9 mM 
NaF) and of Al (10.4 (iM; 281 (ig L ^ using a stock solu- 
tion of 1 mM Al in 4% HNO3) throughout. In order to test 
the effect of pH on the accumulation of Al and F, we 



Table 6 Ionic composition (M) of the culture media used 



Ions 


MHSM-I^ 


MHSM-1 + F 


NH4 


9.37 X 10"^ 


9.37 X 10"^ 


CI 


5.98x10"^ 


5.98x10"^ 


F 




3.79 X 10"^ 


K 


4.22x10"^ 


3.84 X 10"^ 


PO4 


1.37x10"^ 


1.37x10"^ 


CO3 


atm.^ 


atm.^ 


NO3 


5.07x10"^ 


4.69 X 10"^ 


SO4 


8.12x10"^ 


8.12x10"^ 


Mg 


8.12 X 10"^ 


8.12 X 10"^ 


Ca 


6.80x10"^ 


6.80x10"^ 


Na 


1.02x10"^ 


4.81 X 10"^ 


BO3 


3.01 X 10"^ 


3.01 X 10"^ 


Mn 


2.10 X 10"^ 


2.10 X 10"^ 


EDTA 


8.06x10"^ 


8.06x10"^ 


Fe 


5.92 X 10"^ 


5.92 X 10"^ 


M0O4 


3.00x10"^ 


3.00x10"^ 


Zn 


2.43 X 10"^ 


2.43x10"^ 


Co 


1.09 X 10"^ 


1.09 X 10"^ 


Cu 


7.04x10"" 


7.04x10"" 



a: See [19]. 

b: No carbonates were added since their concentration is adjusted with the 
atmosphere by gaseous exchange. 



performed the same experiment as described above, but at 
pH 5.5, 7.0 and 7.5 (pH adjusted with small additions of 
dilute HNO3 or NaOH). For this part of the study, we 
tested the one species that showed the best accumulation 
capacity. 

Along with both treatments, a control containing algae 
with no added Al or F was used to monitor the regular 
growth of the algae in the medium. Also, a control with 
Al and F, but no algae, was used to monitor any abiotic 
changes in solution {e,g, losses in Al and F due to adsorp- 
tion to container walls). Both controls were carried out in 
triplicate. 

Algae were exposed during a period of four days 
(96 hours) in order to observe both the sorption process 
(short term) and the uptake process (long term). Algal 
growth was followed daily using a particle counter 
(Multisizer™ 3 Coulter Counter) and dissolved Al was 
measured regularly after 0, 1, 6, 24, 48, 72 and 96 h using 
disposable syringe filter units with encapsulated polyether- 
sulfone membranes (0.45 (im, VWR International, model 
no. 28145-503). At the end of the exposure period, algal 
cultures were filtered using polycarbonate membranes 
(Millipore) with a porosity of 2 (im in order to separate 
algal cells from the medium and measure dissolved Al and 
F. Then, the cells were rinsed with a solution of ethylene 
diaminetetraacetic acid (EDTA; 20 (iM) for a total contact 
time of 10 minutes. The presence of EDTA allows the 
desorption of Al from the algal surface and thus allow 
us to differentiate between [Absorbed and [Al]ceiiuiar [7,9,20]. 
EDTA represents a suitable desorption ligand since it 
has a strong affinity for Al (log Kaiedta = 16.5) and it is 
not assimilated by algae [21,22]. 

Weakly sorbed F is assumed to be released by the 
presence of a concentration gradient when the cells are 
resuspended in a fluoride free medium. We were thus 
able to determine cell-sorbed Al and F from the filtrate. 
Finally, filters containing the algae were digested in a 
solution composed of 1 mL of concentrated nitric acid 
(Fisher Scientific, 70%) and 125 (iL of hydrogen peroxide 
(Fisher Scientific, 30%). Fluoride samples were diluted 
with a 1:1 ratio with TISAB II (Orion 940909, Thermo 
Scientific), which provided a constant background ionic 
strength, dissociated loosely bound fluoride ions, and ad- 
justed the solution pH. Fluoride was then measured using 
a fluoride ion selective electrode (Orion 9609BNWP, 
Thermo Scientific). Aluminium samples were acidified to 
4% and kept at 4°C until analysis by ICP-AES (ion-coupled 
plasma atomic emission spectrometry; Vista AX, Varian). 

For every step, blanks were prepared in order to deter- 
mine background concentrations and to detect possible 
contamination. More precisely, a blank was prepared for 
the filtration with syringes, for the funnel filtration on the 
manifold, and for the digestion process. In every case, 
blanks were conclusive and confirmed that no measurable 
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contamination came from the solutions, the handling, 
and/or the material used Mass balances were conducted 
for Al in order to estimate the recovery level 

The chemical speciation of Al and F in both treatments 
was determined using MINEQL + (version 4.6) [23] . The 
software SYSTAT (version 13, Cranes Software Inter- 
national Ltd.) was used to compare values and locate sig- 
nificant differences. More precisely, after having verified 
the normality of the data (Kolmogorov-Smirnov test) and 
the homogeneity of variances (Levenes test), a one-way 
ANOVA was conducted on the different values. When a 
significant difference was found, a post-hoc comparison 
test (Scheffes Test) was used to determine which values 
were responsible for those differences. In every case, the 
confidence interval was set to 95%. 

Conclusions 

Biological methods show potential as a complement to 
conventional techniques to remove contaminants when 
concentrations are low. With this study, we can conclude 
that, using any of the conditions tested, F removal was not 
very promising. On the other hand, the removal of Al 
was quantified and was shown to be species-dependant. 
Chlorella vulgaris is not a good species for this type of 
treatment at pH 7.0 while P, subcapitata gave the best 
results with 41% of total removal and S, obliquus showed a 
sorption capacity of 13% similar to P, subcapitata (15%). 
In conclusion, P, subcapitata and/or S, obliquus could be 
considered depending on the expected effluent treatment 
time frame. The pH clearly played a role in Al accumula- 
tion. We observed better removal at neutral pH, especially 
at pH 7.5 where total Al removal reached 50%. Given our 
observation of particulate aluminium, a biotreatment in 
conjunction with a filtration step could result in very 
significant decreases in dissolved Al. 

In this study, an artificial medium was used and all the 
conditions were controlled. It would be relevant to con- 
duct such experiments with real effluent samples. Along 
with other factors, a different composition of anions and 
cations as well as the presence of organic matter would 
certainly influence the bioavailability of Al and its ac- 
cumulation by algae. Since uptake mechanisms remain 
somewhat unknown for Al, more studies need to be 
undertaken. Ultimately, many more species could be 
tested for their potential in Al removal and especially 
for the removal of fluoride ions. 
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